This study addressed whether the humoral immune response to crude and defined Schistosoma mansoni antigens aggregates within families. The sample included 155 siblings from 42 nuclear families in Brazil. Sera examined by ELISA for antibody isotypes reactive to defined schistosome antigens and crude schistosome antigens (soluble adult worm antigen preparation and soluble egg antigen) demonstrated that there was a difference in sibling-pair correlations between defined and crude S. mansoni antigens. In contrast to the finding with crude antigens, egg-positive sibling pairs showed significant familial resemblance for all IgG subclasses and IgE to adult-stage antigens Smp20.8 and Smp50. Only the IgE and IgG4 isotypes showed familial resemblance to the egg-stage antigen, Smp40. Egg-negative sibling pairs showed significant familial resemblance only for IgE and IgG4 to Smp40. That both the IgE and IgG4 response to defined S. mansoni antigens showed familial resemblance is interesting in light of the converging evidence for the role of IgE and IgG4 in human susceptibility and resistance to reinfection.
histocompatibility complex (MHC)-linked control of specific immune responses (cognate) and non-MHC-linked control of the overall production of IgE (noncognate) [10] [11] [12] [13] [14] [15] [16] [17] . While no studies have provided evidence for MHC-linked control of antibody responses in human schistosomiasis, several studies have found a higher relative risk of hepatosplenomegaly associated with certain HLA alleles. In Egyptian children, HLA-A1 and B4 were associated with a relative risk of 55.6 for hepatosplenomegaly when both alleles were present [18] . Secor et al. [19] showed that while there is no association between HLA class 2 alleles and egg excretion in a Brazilian population, an association was found between HLA-DQB1-0201 and hepatosplenic disease.
A major locus outside the HLA region has been identified, and this locus may play a role in controlling the humoral response to schistosomiasis. Abel et al. [20, 21] showed a low susceptibility phenotype and a major gene (SM1) controlling the intensity of infection. Marquet et al. [22] localized SM1 to chromosome 5q31-q33, an area that contains various interleukin (IL) genes (e.g., IL-4, -5, and -13). Muller-Myhsok et al. [23] confirmed the finding of a locus on chromosome 5 in susceptibility to infection with Schistosoma mansoni in a Senegalese population. Of interest, Marsh et al. [14] suggested that IL-4 or a nearby gene on 5q31.1 may regulate IgE production in a noncognate fashion.
The production of IgE by both cognate and noncognate pathways is reflected in specific and total IgE concentrations, respectively, which can readily be measured as a quantitative trait. In quantitative genetics, phenotypes are measured on a continuous scale, and the observed distribution in a sample is frequently unimodal. Because the phenotypes in quantitative genetics are continuous, summary statistics (means and variances) must be used to describe a particular sample, with the analytical focus on the correlation or covariance among relatives. In this regard, we have initiated a quantitative genetic analysis of the humoral immune response to defined S. mansoni antigens. As a first step in this study, we address the question of whether the antibody response to defined schistosome antigens aggregates within families. This is best assessed by correlations among sibling pairs (sibships) stratified by infection status into egg-negative, egg-positive, and mixed (egg-positive and egg-negative) sibships [24] [25] [26] .
Materials and Methods
Study design. A family study was done in Alto Santa Helena and São Jose do Goiabal, villages in the prefecture of Governador Valadares in the state of Minas Gerais, Brazil. A population-based genealogic sample of the village was administered. The requirements of the population-based genealogic sampling strategy included recruitment of all persons living in both villages, identification of genealogic links among all individuals living in the village, and placement of each person into one or more multigenerational pedigrees. These data were entered into the pedigree-based data management system PEDSYS [27] . All participants were surveyed as to previous antischistosomicidal treatment within the last 5 years through a 10-item questionnaire.
Participating family members received a medical examination and ultrasonography; all infected patients were determined to have the intestinal form of schistosomiasis. All infected individuals were treated with oxamniquine according to the standard Brazilian dose of 15 mg/kg for adults and 20 mg/kg for children. Pregnant women were not eligible for participation; women who reported that they were pregnant were recontacted after their pregnancy.
Collection and storage of plasma samples. Plasma samples were obtained from whole blood collected into heparinized tubes. Plasma and cells were separated by centrifugation at 800 g for 10 min; the resulting plasma supernatant was transferred to sterile 1-mL tubes and stored at Ϫ20ЊC.
Parasitologic data. Infection intensities were measured by individual fecal egg counts, expressed in eggs per gram of feces, performed by the Kato-Katz [28] method on stool samples obtained on 3 different days. An individual's fecal egg count was the arithmetic mean of these three determinations.
Preparation of recombinant and crude S. mansoni antigens. Sera were examined by ELISA for antibody isotypes reactive to the defined schistosome antigens Smp20.8, Smp40, and Smp50 and to the crude antigens, soluble worm antigen preparation (SWAP) and soluble egg antigen (SEA). SWAP was prepared by homogenization of adult worms, and SEA was prepared by standard methods from eggs obtained from livers of hamsters that had been infected for 8 weeks [29] [30] [31] . We prepared 60 mg of each at a time to remove any variables that might occur in different preparations. The supernatant was dialyzed against PBS overnight, sterile-filtered, and stored in aliquots at Ϫ70ЊC. The concentration of each protein was determined by use of the BCA kit (Pierce, Rockford, IL).
The following defined antigens were selected on the basis of previous studies in humans [7] and experimental animal models [32, 33] : Smp20, Smp40, and Smp50. Smp20.8 is a 20.8-kDa molecule that belongs to a family of tegument-associated proteins [34] that includes Smp22.6 [7] and Smp21.7 [35] . The molecule is expressed in all stages except the egg stage. Smp40 is a 40-kDa molecule that is a major component of SEA [32] . It displays homology to small heat shock proteins and alpha crystallins. It is expressed throughout development. Smp50 is a 50-kDa molecule that shows homology and biologic activity with immunophilins [36] . The antigen is expressed throughout development.
Each of the recombinant antigens were expressed in pGEX expression vectors as Schistosome japonicum glutathione-S-transferase (GST) fusion proteins, purified over a glutathione affinity column to obtain the fusion protein, cleaved with thrombin to remove the GST, and repurified over a glutathione column to obtain the purified recombinant protein [37] . Purity was confirmed by visualization of each step of the purification on SDS polyacrylamide gels. As a control against reactivity with the GST fusion partner, human sera were screened against GST. All human sera were negative for reactivity against the S. japonicum GST.
ELISA. An ELISA was used to study isotype responses of participants to defined and crude schistosome antigens. Flexible assay plates (Falcon Microtest III; Becton Dickinson, Fullerton, CA) were coated with 0.5 mg/well defined or crude schistosome antigen in carbonate bicarbonate buffer and stored overnight at 4ЊC. Plates were washed 5 times with PBS and then blocked for 1 h with PBS containing 1% fetal calf serum. Plates were washed 5 times with PBS containing 0.05% Tween 20 (PBST; Sigma, St Louis). Serum samples were diluted 1 : 100 in PBST, and 100 mL/ well was added in duplicate to a plate. Plates were incubated overnight at 4ЊC and then washed 5 times with PBST as before. One hundred microliters of the following dilutions of alkaline phosphatase-conjugated anti-human antibodies (Zymed, San Francisco) were added to each well: 1 : 5000 of IgM; 1 : 1000 of IgG1, IgG2, IgG3, and IgG4; and 1 : 2500 of IgE. The plates were incubated for 1 h at 37ЊC and then washed 10 times with PBS, and 100 mL of 1 M diethanolamine buffer containing 1 mg of p-nitro- phenylphosphate (Kirkegaard & Perry, Gaithersburg, MD) was added to each well. After developing the plates for 1 h in the dark, we measured the optical density (OD), using an automated ELISA reader (Bio-Rad Laboratories, Richmond, CA) at 405 nm. Data were saved into the Microplate manager system (Bio-Rad) and transferred to SPSS 8.0 (SPSS, Chicago) for statistical analysis.
Standardization of assay conditions. Two negative controls were added to each plate. The first consisted of the combined sera of 6 uninfected patients from the United States. The second consisted of the combined sera of 3 egg-negative patients without a history S. mansoni infection from Belo Horizonte, Minas Gerais, Brazil. Negative control sera were diluted 1 : 100 in PBST, and 100 mL were added to each plate in duplicate. Two positive controls were added to each plate: the first consisted of the combined sera of 27 egg-positive individuals from a nearby endemic area (Corrego do Bernardo, Governador Valadares Prefecture), and the second consisted of the serum from 1 high responder to a specific antigen from the egg-positive patients from the Corrego do Bernardo sample. Positive control sera were diluted 1 : 100 in PBST, and 100 mL was added to each plate in duplicate. Assay runs were repeated if negative or positive control sera had a coefficient of variation 110% between plates.
Duplicates on a single plate were rejected if they differed by a coefficient of variation of 110% from each other. Assays for a specific isotype were conducted during one run, by use of the same stock of PBS, PBST, PBS with 1% fetal calf serum, and alkaline phosphatase developer to ensure standard conditions across plates. Each plate was tested for correlations in OD reading by well position. Assay plates in a single run were also tested for correlations in OD reading by the serial position of the plate during reading.
Student's t test, analysis of variance (ANOVA)
, and Bonferroni post hoc tests. Student's t test was used to determine whether there were significant differences for prevalence and intensity of infection between individuals who were included and those who were excluded (because of missing demographic or serologic data) from the study. In addition, Student's t test was used to determine whether there were significant differences between sexes for infection status and infection intensity. A standard one-way ANOVA was used to determine whether there were significant differences among familial positions (e.g., fathers, mothers, sons, and daughters) for infection status and infection intensity. A Bonferroni multiple comparison tests was then used to determine whether there were significant differences in these measures between each family position.
Data adjustment. To reduce heteroscedasticity, we performed all analyses on the log-transformed OD values of the isotype responses to crude and recombinant S. mansoni antigens. We then adjusted each measure for the effects of age, using a stepwise regression procedure, with isotype response as the dependent variable (y) and age as the independent variable (x); this was done separately for each sex by generation group (e.g., fathers, mothers, sons, and daughters). The standardized residual or the interval from each individual data point to the regression line was used in the subsequent analysis of familial aggregation and was defined as the "age-adjusted and standardized residual score" from regression analysis.
Intraclass correlation coefficients. To assess whether the immunologic phenotypes (antibody response to schistosome antigens) may be influenced by genetic factors, we measured the familial resemblance of the trait by estimating intraclass correlation coefficients. Details of the methods for measuring intraclass correlations among siblings are found in [25, 26] . In brief, for the estimation of intraclass correlations (R cc ), individuals were first classified into families. Families with sibships having only 1 member were excluded from the analysis. The phenotype, defined above as the age-adjusted and standardized residual score from regression analysis, was then used to compute a standard one-way ANOVA. In the ANOVA, the phenotypes were grouped by family to provide estimates for the mean squared within family variance (MSW) and the mean squared among family variance (MSA). The ratio of these variance components formed the measure of sibling resemblance: if the siblings were similar with respect to the specified phenotype, the MSW was !MSA.
The intraclass correlation coefficient was computed from the ANOVA, by use of the methods of Donner [25, 26] , where F refers to the ratio MSB/MSW and is the significance testing procedure for the ANOVA, N is the number of families studied, K is the total number of observations, k i is the number of siblings in the ith family, and
The intraclass correlation R cc is defined [25, 26] as Ninety-five percent confidence intervals (95% CIs) were given by
Interclass correlation coefficients. A second measure of familial resemblance of an immunologic trait was the degree of resemblance between parents and their offspring or between spouses (interclass correlation coefficients). We estimated the parent-offspring correlations using the "pairwise" method [25, 26] . For the parent-offspring correlations (R po ), the mean of the offsprings' scores was paired with the score of their fathers or mothers, and a Pearson product moment correlation was computed over the resulting pairs. For the midparent-offspring scores (R mp ), the mean of the parents' value (midparent value) was paired with the mean of the offsprings' value, and a Pearson product-moment correlation was computed over the resulting pairs. Denoting the sibling's scores by y ,i = 
Results
Study sample. The total study sample consisted of 299 individuals in 90 nuclear families. The analysis of each phenotype was restricted to the 264 individuals (88%) for whom complete demographic, genealogic, parasitologic, and serologic data were available. The differences in age, sex, prevalence, and intensity of infection between included and excluded individuals was not significant (data not shown). The study sample was further restricted to individuals whose sibships had 11 member (multiplex sibships). Table 1 shows the sample sizes and infection status by sex and familial position (father, mother, parents, son, daughter, and offspring) for families of multiplex sibships. Significant differences were not found among the familial positions for infection status or infection intensity by use of Bonferonni multiple comparison tests. Table 2 shows the sample sizes for siblings by infection status (egg-negative, egg-positive, and mixed sibships). The egg-negative sibship category contained 59 individuals, with 27 males (46%) and 32 females (54%) from 20 families. The average size of the sibships was 3 individuals (range, 2-4), and there were 132 sibling pairs. Egg-positive sibships contained only siblings with current infection. The egg-positive sibship category contained 69 individuals, with 30 males (43%) and 39 females (57%) from 31 families. The average size of the sibships was 2 individuals (range, 2-5), and there were 104 sibling pairs. The term "mixed sibship" refers to sibships with both egg-positive and egg-negative siblings. The mixed sibship category contained 141 individuals, with 68 males (48%) and 73 females (52%) from 43 families. The average size of the sibships was 3 individuals (range, 2-7), and there were 396 sibling pairs. Figure 1 shows the distribution of the prevalence and intensity of S. mansoni infection (as determined by geometric mean) in the study population. Infection with S. mansoni was defined as having у1 egg per gram of feces. The highest prevalence and intensity of infection were found within the second and third decades. There was no statistically significant difference in the prevalence and intensity of infection by sex (data not shown). None of the study participants had received schistosomicidal drugs within the last 5 years, and they most likely had never been treated. Table 3 shows the father-offspring, mother-offspring, and spouse-spouse correlations. Statistically significant ( ) Pearson product moment correlation co-P ! .05 efficients are presented below. There was a positive correlation for father-offspring pairs for the IgG2 response to Smp40 
Strong familial resemblance for the IgE and IgG4 response to defined S. mansoni antigens.

Discussion
This study is novel in three respects: the level of antibody response is treated as a quantitative trait, we estimated the degree of resemblance among family members with respect to antibody isotype level, and the antibody isotype level was measured to defined and crude S. mansoni antigens. The basic idea is that the resemblance in antibody isotype level among family members reflects the degree to which this phenotype may be influenced by genetic factors. The principal measure of familial resemblance was the positive correlation among siblings in nuclear families or the "intraclass" resemblance. The simplest analytical approach for the estimation of intraclass resemblance is the ANOVA on the age-adjusted and standardized residual scores of offspring, with the F ratio transformed into the intraclass correlation coefficient by the method of Donner [25, 26] . A positive intraclass correlation coefficient indicates that offspring of the same family tend to be more alike with respect to antibody isotype level than are offspring from different families.
A second measure of familial resemblance is the degree of resemblance between parents and offspring, referred to as the interclass resemblance. The pairwise method, as used in this study, has been used by a number of investigators to estimate the interclass resemblance, despite the fact that the pairs of observations are not independent [25, 26] . The lack of independence arises as the score of each parent is paired with the score of each offspring, with the result that a parent appears as many times as he or she has children.
The third measure of familial resemblance is the degree of resemblance between spouses residing in the same household or spouse-spouse resemblance. The spouse-spouse resemblance was estimated in the same manner as the interclass resemblance, with the age-adjusted and standardized residual score of the spouses paired and the Pearson product-moment correlation computed over each pair. The measure of spouse-spouse resemblance is often used to estimate the influence of shared environment on a phenotype. The fourth measure is the midparent-offspring level in which the mean of the parent's ageadjusted and standardized residual score is paired with the score of their offspring, and a Pearson product-moment correlation is computed over the pairs.
Several interesting patterns emerged from the present study. The most pronounced pattern was the difference in sibling correlations between defined and crude S. mansoni antigens. For example, egg-positive sibships showed correlations for the defined antigens, but, with only one exception, no correlations were observed for the crude antigen extracts, SWAP and SEA (figure 3). The difference may be related to the fact that crude antigen extracts of the parasite contain a large population of proteins, which present numerous and diverse epitopes to the immune system. In comparison, the defined antigens, which consist of a single polypeptide antigen, present the immune system with a more limited set of epitopes. As such, one might anticipate that immune responsiveness to a crude S. mansoni antigen preparation would be more complex and involve interactions of antigen peptides with several class II molecules. Conversely, responsiveness to defined antigens would involve fewer major T cell epitopes, with fewer class II molecules.
In studies of highly polymorphic human populations, it has been suggested that more complex protein mixtures may not yield informative data [12, 13] . Thus, in the analysis of the genetic influence on immune responsiveness, the defined antigens used herein may prove to be more informative than are the crude preparations, indicating a novel use for defined S. mansoni antigens. However, it is possible that the failure to detect positive correlations for the isotype responses to crude antigens results from the large number of families that are re- quired to provide reasonable levels of power for detecting low correlations (see [24] for power analysis of intraclass correlation).
Another important observation is that the intraclass resemblance for defined S. mansoni antigens was not a matter of the presence or absence of antibody isotype. Family members tended to share similar age-adjusted and standardized isotype levels across a range of values. This points to the possible role of factors encoded by genes outside the HLA class II region in the regulation of human immune response against S. mansoni [22, 23, 38] . Such loci may control B cell function, antigen processing, and expression of cytokines, such as IL-4 and IL-5 [39] [40] [41] [42] [43] [44] . There is considerable evidence to indicate that production of IgE, which consistently showed high intraclass resemblance to defined antigens, is regulated by such genetic factors. The IgE control locus has been mapped to chromosome 5q31-q33 [14] . This locus has a cluster of several cytokine genes involved in immunoglobulin heavy chain switching to the epsilon isotype [14] . Most family studies favor the possibility of a major gene controlling total serum IgE level, but the mode of inheritance is still a matter of controversy [14] [15] [16] . Other determinants, such as sex, age, race, occupational exposures, and exposure to environmental antigens, such as tobacco smoke, also appear to influence IgE levels.
The observation that both IgE and IgG4 produce similar correlations among siblings to defined S. mansoni antigens is noteworthy in light of evidence supporting the role of these isotypes in human resistance to schistosomiasis. Hagan et al.
[8] demonstrated a significant correlation between the production of anti-schistosome IgE antibodies and the acquisition of immunity to schistosomiasis. They also showed that anti-schistosome IgG4 antibodies, which potentially block IgE effector pathways, were correlated with susceptibility to reinfection, supporting the idea that they might be responsible for delaying the development of protective immunity. These findings have been confirmed by subsequent field studies [6, 8, 9, 45] . Our data add a new dimension to previous studies on the role of IgE and IgG4 in human resistance to schistosomes by observing the familial aggregation of these isotype responses to defined antigens.
Two limitations of the study need to be mentioned. First, the indirect ELISA measures antibody binding not antibody quantity [46] , with antibody binding being a function of antibody affinity and antibody concentration. Therefore, whereas it is possible to treat the data from the indirect ELISA as continuous variables, we emphasize that it is much more problematic to conclude that family members share a similar amount of antibody isotype to a given antigen. Second, the strength of the sibling correlations to defined S. mansoni antigens may reflect shared household and shared genetic effects. While the low correlation among spouses (unrelated) argues against the influence of shared environmental effect, household membership and sibship overlap as members of nuclear families tend to occupy the same residence. An optimal study design would consider large extended pedigrees crossing multiple households [47] . Future studies following this approach are planned.
As a prelude to identifying and localizing specific genes influencing infection and disease in schistosomiasis, we first had to establish that genetic factors were indeed involved. An analysis of familial aggregation provides the means for this first step by allowing the quantification of the degree of resemblance in isotype response among siblings in nuclear families. The identification of host genes regulating schistosome host-parasite interactions will provide new ways to understand the immune mechanisms in humans that are critical for determining susceptibility and resistance to reinfection and disease development.
